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iBSTRACT 

A preliminary design of a fail safe  wing leading edge system was 
developed f o r  the Space Shuttle Orbiter.  
t ion  res i s tan t  reinforced pyrolyzed p l a s t i c  (RPP) leading edge s t ructure ,  a support 
s t ructure  and  support bracketry t o  t i e  t h e  RPP t o  the aluminum f ron t  spar of t h e  
Shuttle,  and  insulation components necessary f o r  the protection of the aluminum 
spar. 
landing without benefit of t he  oxidation protective coating. 

Technology was developed f o r  fabr icat ion of 0.5 in .  (1.27 cm) th i ck  RPP 
t o  support the f a i l  safe concept. 
f u l  fabricetion of three full  scale  leading edges, two of which a r e  part of a two- 
segment kzd ing  edge assembly, and one f o r  destruct ive test. 

design t o  prove tha t  hot RPP structure  could be t i e d  t o  cool  aluminum; on an insula 
t i on  compouent t o  show t h a t  l ight  weight r i g i d  insulation can withstand Shut t le  
dyriarnic loed environments; on seal s t r i p  gaps t o  ver i fy  t h a t  temperatures i n  local 
arees do not become excessive; on a f u l l  s i z e  RPP component t o  determine resistance 
t o  design acoustic noise levels.  

A n  MDE technique, using portable eddy current equipment, was developed 
f o r  determining coating thic'kness on RPP par ts  both i n  the  shop and on the  f l igh t  
l ine .  

Strength of thick laminate material  was determined and compared w i t h  
strength of two f u l l  scale  components (one fabricated during an e a r l i e r  program 
phase), which were sectioned end tes ted .  

t h e  Spsce Shutt le  application. 

The system design consis ts  of an oxida- 

The RPP i s  f a i l  safe i n  t h a t  it is  designed t o  permit one safe  en t ry  t o  

I ts  p rac t i ca l i t y  was demonstrated by t h e  success 

Feas ib i l i ty  demonstration tests were conducted on t h e  support bracket 

Analyses and  tests demonstrated t h a t  RPP leading edges e r e  viable f o r  
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FOREWORD 

This  f inal  r epor t  was prepared by the LTV Aerospace Corpora-  

tion, Vought Systems Division f o r  NASA/JSC Contract  NAS9-12763, Develop- 

ment  Of A Fail Safe Design Oxidation Res is tan t  Reinforced Carbon Sys tem 

F o r  The  Wing Leading Edge Of A Space Shuttle Vehicle. 

fo rmed  under the direction of the T h e r m a l  Technology Branch of the Struc-  

t u r e s  and Mechanics Division with Mr. F. S. Coe, I11 as the P r o g r a m  

Director .  

This  work was per -  

The following individuals w e r e  direct ly  responsible  f o r  pe r fo r -  

ming the p rogram tasks and in the preparat ion of this final report:  Don 
While - Pro jec t  Engineer;  Bill  __c_ Agan and Dwain BeaLett - Struc tures ;  Jim _. 

Medford and Wes __ Whitten . - Thermal ;  Ed Mstza ,  F r a n k  T a r s i a  and A1 -.- Hill - - 
Design; Bob --- Bost  - Dynamics; Dick Rogers  -- and Kelly Adams - Testing; Ike 

Harder ,  Don Rogers ,  Benny Tillison, Dave Shuford, and Bob Scott  - 
Mater ia l s  and P r o c e s s e s ;  Lou Karkos  - Manufacturing P ro jec t  Leader ;  

J a c k  Vought, Zeke Williams, Stan Whitcher and T o m  Mays - Manufacturing; 

Bob Mil ler  - Quality Control  P r o j e c t  Leader; and John Fenton and Roy 

Little john - Quality Control. 

_- 
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This  repor t  is prepared in five volumes. Volume I contains a 

s u m m a r y  of the wing leading edge program.  

technical discussion of the P h a s e  111 p rogram.  

with the major  tasks pe r fo rmed  under  this  contract  during the per iod 24 

Apri l  1972 through 15 June 1973. 

containing backup material and m o r e  detail technical data on ce r t a in  tasks. 

Volume I1 provides a detailed 

It is a r r anged  in  accordance  

Volumes 111, IV, and V a re  appendices 

i i  
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1 . 0  INTRODUCTION AND BACKGROUND 

1 . 1  INTRODUCTION 

This  final r epor t  descr ibes  the work per formed on NASA Con- 

t r a c t  NAS9-12763, "Development Of A Fail Safe Design Oxidation Resis tant  

Reinforced Carbon Sys tem F o r  The Wing Leading Edge  Of A Space Vehicle. I '  

The orbi ta l  s tage  of the manned space shuttle will have leading sur faces  

which experience high heating rates and sur face  t empera tu res  during the 

boost and en t ry  phases of the miss ion .  

t he rma l  protection concept, the feasibil i ty of a "Fail Safe' '  design of a n  

oxidation r e s i s t an t  re inforced carbon leading edge was investigated. 

p r o g r a m  was initiated on  24 Apr i l  1972. 

six t a sks .  

T o  i n c r e a s e  confidence in  this 

This 

The bas i c  p r o g r a m  consis ted of 

The  objectives of these tasks  were to:  

o T a s k  1 

o T a s k  2 

o T a s k  3 

o T a s k 4  

o T a s k  5 

o Task  6 

- design and develop a "fail safe"  oxidation r e s i s t an t  

re inforced carbon thermal protection s y s t e m  fo r  

the wing leading edge of the shuttle orb i te r .  

- select ,  design, and test  insulation requi red  to 

in su re  that a n  interface tempera ture  of 350 F 

(177OC) i s  maintained between the leading edge 

the rma l  protection design and the wing box. 

0 

- verify by  t e s t ,  thermal model  data for  the leading 

edge support  design.  

- establ ish,  through analyses  and tests, guidelines 

f o r  the design of the leading edge sea l  s t r i p .  

- provide thick p l y  flat lamina tes  f r o m  which ele- 

ment  t e s t  specimens can be p repa red  for NASA 

testing . 
- present  p r o g r a m  findings in executive s u m m a r y  

and final r e p o r t s .  

B y  Amendment/Modification No.  2s to Contract  No. NAS9-12763, 

the following additional tasks  were  incorporated into the p rogram.  

1 



o Task  7 

o Task 8 

o Task 9 

o Task 10 

o Task 11 

o Task  1 2  

o Task 13 

o Task  14 

- physical and mechanical evaluations of specimens 

removed f r o m  Phase  I1 L / E  segment 

- development of NDE method to determine coating 

thickness.  

- examination of variables that might contribute to 

observed coating crazing and the determination of 

mater ia l s  o r  process  changes that might eliminate 

the crazing phenomena 

- provide additional thick ply flat laminates f r o m  

which element tes t  specimens can be prepared fo r  

NASA testing. 

- provide 13-ply flat laminates f r o m  which element 

tes t  specimens can be prepared for NASA testing. 

- fabricate an additional "Fail Safe" leading edge 

segment . 
- physical and mechanical evaluations of specimens 

removed f r o m  a Phase  I11 Leading Fdge segment 

- establish physical and mechanical property data 

f o r  thick laminates .  

The repor t  of the work accomplished is p repa red  in three  sections. 

The f i r s t  section, Volume I, summar izes  significant aspec ts  of the work 

performed. The second section details each of the above tasks  in Volume 

11. The third section includes the various appendices compiled into three  

additional volumes to provide more  detail  t rea tment  of cer ta in  of the ma jo r  

subtasks. The appendices consist  of repor t s  and in-house documentation 

used i n  the conduct of the program. 

1 .2  BACKGROUND 

The R P P  leading edge design and mater ia l s  a r e  the r e su l t  of 

Shuttle wing leading edge and belly panel programs conducted by VSD under 

contract  to N A S A - J S C  and Rockwell International (References 1 through 3) .  

These contracts had d i rec t  application to this effort and employed NASA 

approved Rockwell International design c r i t e r i a  as a bas is  for development 

and evaluation of designs and mater ia ls .  
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Phase  I of the Wing Leading Edge development p rogram 

(Reference 1) examined variations of oxidation-inhibited R P P  ma te r i a l s  

and designs potentially suited t o  the Shuttle requi rements ,  and selected 

candidates for  fur ther  development. A follow-on program,  Phase  I1 

(Reference 2 ) ,  was concerned with development and p re l imina ry  evaluation 

of a selected material s y s t e m  and design concept. 

(Reference 3 ) ,  conducted under contract  to Rockwell International, investi-  

gated the feasibil i ty of R P P  Shuttle fuselage panels.  

An additional p r o g r a m  

. 

Because of the application of the Phase  I and I1 leading edge and 

b e l l y  panel programs to the P h a s e  I11 program,  a brief s u m m a r y  of the 

objectives,  extent of investigations,  and findings of these studies are p ro -  

vided to  establish the point of departure  for  Phase  111. 

1 . 2 . 1  PHASE I PROGRAM (Reference 1) 

The objective of the Phase  I leading edge p rogram was to sel- 

e c t  candidate R P P  ma te r i a l  sys tems and designs for the Shuttle wing leading 

edge, meri t ing fur ther  evaluation and development. 

cepts were examined including sandwich or solid laminate configurations, 

mult i - layered designs with replaceable  components, those involving multi- 

ple r ibs  o r  intercostals ,  and those using t rus sed  r i b s .  

A var ie ty  of design con- 

Mater ia ls  investigations were divided into two c l a s s e s ,  sub- 

s t r a t e s  and coatings, but ul t imately the final test of the materials was their 

compatibility a s  a sys tem.  Subs t ra tes ,  employing graphite o r  carbon fila- 

ments  and high and low modulus f ibers  in cloth o r  tapes ,  w e r e  evaluated 

for  strength,  fabricability, and coating compatibility. 

Exploration of coatings involved carbides and oxides of a num- 

ber  of metals  applied by diffusion coating, chemical vapor deposition, f lame 

sprayed overlay,  added into the r e s i n  during initial makeup of the laminate ,  

o r  some combination of these. Mater ia ls  evaluation included t e s t s  for  

strength,  oxidation res i s tance  in a furnace,  and extensive plasma a rc  

exposure simulating the en t ry  environments.  

3 



A number of significant findings relative to R P P  design for  the 

Shuttle resul ted f r o m  these exploratory investigations conducted on the 

Phase I program. Among these were: 

Designs employing solid laminates are  superior  to sand- 

wich designs because they promote internal c r o s s  rad ia-  

tion f r o m  the hot stagnation region to  cooler a r e a s  and 

thus reduce stagnation tempera tures  and thermal  gradients 

around the leading edge. 

re l ieves  thermoelast ic  s t r e s s e s .  

p re s s  c ross  radiation. 

Solid laminate designs a r e  l e s s  sensit ive to  s t rength 

degradation f r o m  the coating sys t em than the i r  thin- 

skinned sandwich counterpar ts .  

laminates  a r e  thicker and coating depth tolerance has 

l e s s  deleterious effect on s t rength variations.  

Oxidation inhibitors can be diffused into the subs t ra te  to 

This  increases  coating l ife and 

Sandwich designs sup- 

This is because solid 

a controlled depth to provide mult i -mission capability 

without weakening the in te r laminar  s t rength of the com-  

posite. B y  contrast ,  oxidation inhibitors introduced into 

the res in  during molding and subsequently reacted t o  form 

carbides ,  se r ious ly  weaken the inter laminar  proper t ies ,  

and a r e  to be avoided. 

Overspray  coatings do not adhere well and a re  l imited 

to  one o r  two en t r i e s .  

Coating sys t ems  based on sil icon carbide were  found to  

offer the highest  t empera ture  r euse  capability of all 

sys tems examined. 

Silicon carbide coating sys t ems  offer low catalycity,  a 

phenomenon that reduces sur face  tempera ture  of the 

material in  a dissociated flow field e n t r y  environment.  

This effect, which amounts to  seve ra l  hundred degrees  

4 



Fahrenhei t ,  can be used to extend miss ion  l ife o r  

sys t em tempera ture  l imi t s ,  o r  a l te rna te ly ,  provide 

higher margin on sys t em l i fe .  

Coating compatibility and performance in the coated 

condition a r e  the measurements  of mos t  value in judging 

acceptabili ty of subs t ra tes .  

ma te r i a l s  a r e  not required and show coating expansion 

mismatch .  Low modulus, low s t rength ,  l o w  cost  

ma te r i a l s  of the W C A  type employed a r e  acceptable for  

the leading edge application and provide compatible 

and reliable subs t ra tes .  

PHASE I1 PROGRAM (Reference 2)  

Phase  I1 of the leading edge p rogram was devoted to the fur ther  

(7)  

High modulus subs t ra te  

1 . 2 . 2  

development of the si l icon carbide coated R P P  sys t em and refinement of the 

design to ref lect  requirements  peculiar to  the delta-winged Orbi te r .  Three  

coated fu l l - sca le  leading edge segments  were fabricated and were load and 

thermal  tested to ver i fy  design/fabricat ion capability. 

closely approximate the wing geometry at 557'0 exposed span of the c u r r e n t  

Orbi te r  configuration. Another coated component, representa t ive  of wing 

t ip  ieauLng edge geometry with s m a l l  (1. 6 inch)(4. 1 c m )  radius  was a l so  

fabricated and tes ted  successful ly  in  the NASA-JSC 10  MW plasma a r c  faci l -  

i ty .  

These segments  

Significant accomplishments  f rom the Phase  I1 p r o g r a m  included: 

(1) Demonstration of the producibility of l a r g e  (26 in. x 15 in. ) 

(66 c m  x 38 c m )  curved panels with smooth su r faces  and 

tolerance control  within the - +O. 03 in. (0. 08  cm)  allowance, 

and s m a l l  (9 in. x 7 in. x 5 in. ) (23 c m  X 1 8  c m  x 13 cm) 

leading edge segments .  These a r e  i l lustrated in F i g u r e s  

1-1 and 1-2. 

Development of ma te r i a l s  proper ty  data that  showed 

acceptable room tempera ture  s t rength  which inc reases  

with t empera tu re ,  and a surpr i s ing ly  high r e s i s t ance  to  

fa t i  gue loading. 

(2) 
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FIGURE 1-2 PHASE II LEADING EDGE SUBSCALE TEST MODEL 
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( 3 )  

(4) 

(5 )  

Demonstration that bonding and riveting ( R P P  rivets) of 

R P P  components is a pract ical  approach to the design 

and fabrication of complex s t ruc tures ,  when properly employed 

to prevent bond tension and peel s t r e s s e s .  

Demonstration that X - r a y  radiography and ul t rasonic-  

thr  ough - t r a n  smis sion non -d e s  t ruct  ive evaluation t e ch- 

niques a re  acceptable methods for  identifying defects 

during component fabrication. 

Improvement in the science of coating to  develop a 

deeper  understanding and gain better control of the coating 

process .  

ials procurement ,  processing details ,  and r e t o r t  design. 

Elements  of this technology include r a w  m a t e r -  

1 . 2 . 3  BELLY PANEL PROGRAM (Reference 3)  

The belly panel p rogram conducted by  VSD for  Rockwell a l so  

added to the experience and data bank on R P P  material and designs.  

objective of this p rogram was to determine the feasibil i ty of oxidation 

inhibited R P P  Shuttle belly (fuselage) panels,  and to develop designs meeting 

the Shuttle requi rements .  

pleted by Rockwell International on a delivered panel a s sembly  (Figure 1-3) 

and verified that R P P  is indeed a feasible fuselage panel material. 

R P P  proved we,ight competitive with metal l ic  TPS,  which was s t i l l  under  

consideration a t  the time, to  tempera tures  f r o m  2500 F (1371 C) t o  below 

1800°F (982OC). 

The 

The t e s t  demonstration was successful ly  com- 

The 

0 0 

The belly panel p r o g r a m  examined a number of panel configura- 

tions and associated support  s t ruc ture ,  se lec ted  several concepts fo r  com- 

ponent joint tests, and then selected a final configuration for fabrication 

and test. 

"TI' o r  hat-stiffened panels and double -skinned o r  boxes panels. 

concepts, designed for  panel installation f r o m  outside the vehicle, included 

slip joints, f lexure joints, those requiring re f rac tory  fas teners  and those 

wherein the fas teners  were  buried to permit the u s e  of s u p e r  alloys. 

Panel configurations examined included integrally fabricated I T ' ,  

Joint 

8 



DESIGN TEST 

TEMPERATURE - 250wF (1371OC) LIMIT BURST AND COLLAPSE PRESSURE 

0 BURST PRESSURE - 4.5 PSI ULT (3.1 x 1 0 4 N / ~ 2 )  THERMAL CYCLE - loo HIGH CROSS RANGE 

a ULTIMATE (4.5 PSI) BURST PRESSURE 
(3.1 x 104 N/M*) 

SIMULATED MISSIONS (INERT ATMOSPHERE) 
COLLAPSE PRESSURE - 3.6 PSI ULT 
(2.5 x 104 N / M ~ )  

0 NOFAILURE 

FIGURE 1-3 FUSELAGE TEST PANEL 
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Fabrication of sl ip and flexure joints,  and "T", "I" and hat 

section panels for joint t es t s  showed that integral ly  fabricated supports 

using the flexure principle (flexible supports,  a s  shown in F igure  1-3) f o r  

thermal  expansion s t r e s s  alleviation was a pract ical  approach. This con- 

cept was tested sat isfactor i ly  under cyclic load and was the only one of 

four panel/joining concepts tested that did not develop "slop" in  100 cycles 

of limit load. This p rogram showed that: 

(1) Sophisticated oxidation inhibited R P P  hardware can be 

fabricated within the desired - to. 03 in. (0. 08 cm)  

tolerance,  comparable to f iberglass  components. 

Panels  designed with integral  support  legs  can be 

fabricated and offer an excellent solution for panel 

anchoring and relief of thermal  expansion, where 

external  access  for installation is required.  

Oxidation-inhibited R P P  shows a res i s tance  to cata-  

s t rophic  s t ruc tura l  fa i lure  f rom local  damage. This 

was demonstrated in limit load cycle joint t e s t s ,  where 

in two examples,  i t  was noted that total fa i lure  did not 

occur at the f i r s t  sign of local  damage. 

(2 )  

( 3 )  

1 . 2 . 4  SIGNIFICANCE OF THESE CONTRACTS 

These contracts  showed that: 

(1) Complex R P P  hardware in  the s izes  required for  the 

Space Shuttle Orbiter a r e  prac t ica l .  

Solid laminate  designs a r e  the best  solution. 

Silicon coating systems a r e  the bes t  available and provide 

mult i -mis  sion capability. 

(2)  

( 3 )  

(4) Existing, re la t ively low-cost graphite cloth reinforce - 

ment  ma te r i a l  i s  compatible with the coating sys t em and 

i s  suitable for Shuttle R P P  components. 

10 



2 . 0  SUMMARY 

The Phase  I11 p rogram was built upon the e a r l i e r  two phases  

and had th ree  fundamental tasks  to  be addressed:  

(1) Development of a totally integrated leading edge design 

f rom the wing f ront  beam forward .  

include design detai ls  and ma te r i a l s  selection for the 

support  s t ruc ture  and insulation n e c e s s a r y  for  a workable 

R P P  concept on the Shuttle. 

Development of a process  for thick (0. 5 i n . )  (1. 27 c m )  

laminate  fabrication to pe rmi t  one entry'  of the basel ine 

wing leading edge without benefit of the oxidation p ro tec -  

tion coating. 

Development of a non-destructive evaluation (NDE) 

technique that permi ts  thickness measurement  of the 

oxidation protection coating between flights, 

This  design would 

(2)  

( 3 )  

Each of these tasks was accomplished successfully,  fortifying 

the concention that coated R P P  is  viable for  the Shuttle application. 

be r  of other tasks  w e r e  accomplished during the conduct of the p rogram 

i n  support  of the major  tasks .  

data  gathering, reduction of coating crazing,  and t e s t s  to ver i fy  design con- 

A num- 

Among these were  ma te r i a l s  performance 

cepts .  Each task  is discussed in  sequence in Volume 11. This s u m m a r y  

covers  only major  highlights of the p rogram,  as follows: 

0 Design des  cription 

0 Proof of design 

0 Fabricat ion 

0 Coating thickness measurement  

0 Coating crazing reduction 

0 Destructive evaluation of leading edge segments 

2 . 1  DESIGN DESCRIPTION 

The design of the leading edge is a continuation of the design 

concept developed in the Phase I1 program and, i n  fact ,  uti l ized identical  

11 



geometry, design loads, and environments. One difference is that in P h a s e  

I11 the R P P  was designed to be "failsafe" in that thicknesses were  establ ished 

to pe rmi t  one safe  en t ry  to landing without benefit of coating on the exter ior .  

This philosophy was imposed as a contingency in the event i t  was infeasible 

to determine coating thickness remaining p r i o r  to flight. 

work per formed on this program,  coating thickness can now be reliably 

measured  using portable eddy cu r ren t  equipment. 

However, through 

Another change f r o m  Phase  I1 philosophy was that wing front  
0 beam s t ruc tu re  would be l imited to 350°F (177 C)  for  aluminum, r a t h e r  than 

the previous t i tanium limit of 600°F (316OC). This affected the design of the 

support  b racke t ry  and insulation system. 

The wing leading edge design consis ts  of R P P  segments  attached 

to a s imulated wing support  s t ruc tu re  a t  four attachment locations. 

i l lustrated in F igures  2-1 and 2-2, where the del iverable  hardware  is shown 

in  two s tages  of assembly;  and in  F igu re  2-3 where  the i somet r i c  drawing 

depicts the s t ruc tu ra l  assembly.  A segmented leading edge with expansion 

joint gaps is  necessa ry  to accommodate  differential  t he rma l  expansion be-  

tween the hot R P P  and the cool aluminum wing s t ruc ture .  

gaps a r e  covered by s e a l  strips (F igure  2-4) to prevent  d i r ec t  flow of hot  

boundary l aye r  gases  into the leading edge cavity. 

relatively s imple,  consisting of the skin panel, closing r ibs ,  and t ra i l ing 

edge s p a r s ,  a l l  integrally formed into what is essent ia l ly  a five-sided, 

curved, boxlike configuration. 

This is 

These expansion 

The R P P  segments  a r e  

Attachment design employs stand-off support  fittings and a lug 

bolt joint at the R P P  connection. The lug bolts a r e  located a sufficient d i s -  

tance inside the outer  contour (F igure  2-4) to reduce  t empera tu re  to  1400 F 

(760OC) and p e r m i t  metal l ic  a t tachment  hardware  (Inconel 718). 

of the r ibs  the leading edge at tachment  scheme requ i r e s  no s l ip  joints be-  

cause  of the inherent  flexibility of the leading edge shape, the low expansion 

coefficient of R P P ,  and the s t rength  capability of R P P  which r e s u l t  in 

manageable thermoelas  tic stresses. 

0 

In  the plane 

1 2  



FIGURE 2-1 RCC LEADING EDGE ASSY 

FIGURE 2-2 RCC LEADING EDGE ASSY WITH INSULATION 
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/ RCC TRAl LING EDGE 
RCC GAP "T" SEAL 

GAP SEAL 

FIGURE 2-3 WING LEADING EDGE STRUCTURAL ASSEMBLY 
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Spanwise expansion is accommodated i n  the following manner. 

The outboard side of each segment  and its s e a l  s t r i p  a r e  held fixed at the 

lug joint, while the inboard s ide is permit ted to sl ide on the l u g  bolt to 

re l ieve any  tendency for  t he rma l  s t r e s s  buildup f rom externa l  res t ra in t ,  

This technique worked successfully in the Phase  I1 entry tempera ture  t e s t  

(Reference 2). 

Support f i t t ings  a r e  designed to reduce the t empera tu re  a t  the 

R P P  attachment bolt, (which reached 1400°F (76OOC) to a maximum alumi-  

num f ron t  s p a r  soak tempera ture  of 350 F (177 C).  

mos t  c r i t i ca l  f o r  the t empera tu re  problem. 

was employed, which provided long heat conduction paths and s m a l l  conduc - 
tion a r e a  for maximum the rma l  res i s tance .  This metal  f i t t ing  transit ioned 

into a polyimide f iberglass  insulating fitting at the aft end to affect the final 

t empera ture  drop to the aluminum. 

f iberg lass  did not exceed 550 F (288OC), but the capability of this m a t e r i a l  

is in excess  of 650 F (343 C) for  100-mission l i fe  at the low operational 

s tr e s s e s involved. 

0 0 The lower fitting is the 

An Inconel 71.8 t r u s s  type fi t t ing 

In the Phase  I11 t e s t s ,  the polyimide 
0 

0 0 

The upper support  f i t t ing  is located i n  a cooler  region and t ies  

Thus, the design conditions a r e  not to a 600°F (316OC) ti tanium s t ruc ture .  

near ly  as seve re  a s  the lower,  and neither f iberglass  nor a t r u s s  fitting a r e  

required.  

The support  s t ruc tu re  is a t i tanium t r u s s  and forms the t ie  

between the upper support  fittings and the simulated front beam. 

The insulation assembly  is a l so  shown in the figures.  Remov- 

able insulation is requi red  around each support  f i t t ing to gain access  to the 

lug bolts. 

leading edge cavity. 

ex te rna l  RSI panels. 

combination of 10  l b / f t  

s i l ica  insulation with a n  operating tempera ture  l imi t  in excess  of 2500 F 

(1371OC). 

cluded its use for the technology program. 

A removable canted heatshield is requi red  for  access  to the 

Also shown a r e  upper and lower panels which s imula te  

Interior insulation for  the Phase  111 t e s t  a r t i c l e  is a 

and 15 lb / f t  JO. 16 and 0. 24 g m / c m  ) Dynaquarte 
3 3 3 

\, 

0 

RSI was the p r e f e r r e d  ma te r i a l  but cos t  and unavailability p r e -  
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Two single segment  assemblies  were fabricated for  NASA-JSC 

test. These units a r e  designed to be combined into a single two-segment 

assembly, F igures  2-1, 2-2 and 2-4 for  thermal  test .  

2. 2 PROOF O F  DESIGN 

Two elements  of the design were of par t icu lar  importance and 

were  examined by analysis and test .  

t he rma l  design to ensure  that the hot R P P  could be real is t ical ly  attached 

to cool aluminum s t ruc ture ,  and (2)  seal s t r i p  gap heating. The support  

These were: (1) lower support  lug 

0 0 
t e s t  proved that sur face  tempera tures  a s  high as 2100 F (1149 C)  can be 

0 0 
reduced to 231 F (110 C)  maximum a t  the aluminum s p a r  for the design 

en t ry  temperature  profile. 

joint a r e  shown i n  F igure  2-5. 

obtained when input tempera tures  a t  the R P P  and insulation front face ex- 

ceeded des i red  control values,  

Resul ts  of two separa te  t e s t s  of the attachment 

The higher tempera tures  of Tes t  No. 1 were  

Gap heating t e s t s  were  conducted on a b a r e  R P P  and graphite 

model having 1 .6  in. (4.06 cm) leading edge radius,  in the NASA-JSC 10 MW 

plasma a rc .  

sions. 

boundary layer  thickness on the 60  

different configurations with varying gap geometry,  represent ing 12  sepa ra t e  

plasma a r c  tests, a r e  summar ized  i n  F igure  2-6, while the t e s t  model is 

shown in F igure  2-7. 

come hotter than i n  the undisturbed regions, but one of the major  reasons  for  

this is the blockage of backside radiation. 

at a given point in  the var ious tes t s  is relatively small despite different 

gaps and rounding of "T" s e a l  corners .  

could be in measurement  tolerance.  

c r e a s e  gaps and conduction paths,  the "Tff s e a l  t empera tures  should become 

m o r e  manageable. 

The "TI1 seal and gap geometry represented  full-scale dimen- 

Tes t  conditions were  selected to produce calculated flight vehicle 
0 swept model. Typical t e s t  r e su l t s  for  

This data indicated that the "T" sea l s  will indeed be- 

The total  excursion of tempera ture  

Much of the tempera ture  excursion 

With some design refinements to de-  

An acoustic test, designed to evaluate the s t ruc tu ra l  integrity of 

the panel and lug holes, was also conducted. The leading edge panel was 
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INCONEL 

FRONT BEAM 
I NSU LATl ON 

COATED RPP 
INCONEL 718 HOLLOW BOLT 

\ 

ALUMINUM ' FRONT BEAM 

F I BERG LASS 

LOCATl ON 

COATED RPP 

INSULATION FRONT FACE 

INCONEL BOLT 

INCONEL FITTING 

POLY IMIDE F IBERGLASS 

ALUMINUM BEAM 

MAX TEST 
TEMPOF (OC) 

TEST #l 

2360 
(1 294) 
2650 
( 1454) 
1370 
(743) 
1270 
(688) 
550 
(288) 
255 
(124) 

TEST #2 

2090 
(1144) 
2330 
(1 278) 
1320 
(71 5) 
1220 
( 660) 
450 
(232) 
231 
(110) 

AL LOWAB LE 
TEMP OF (OC) 

MAX 

3000 
(1 649) 
2500+ 
(1371) 
1700 
(927) 
1700 
(927) 
650 
(343) 
350 
(177) 

FIGURE 2-5 SUPPORT LUG THERMAL TEST SUMMARY 

CROSS SECTION THROUGH 
PANEL & SEAL STRIP 
STAGNATION REG ION 

12 TEST RUNS 
10 CONFIGURATIONS +62 

2370-58 O F  

+73 +80 
( 1299OC) I 
I an 

T O W  
2540-41 O F  27 10-62 OF 2510-44 O F  +126 

(1489OC)l \ (1378Oc)l 1 2350-70°F 
(1288OC)I 

I 
6 t 

DOWNSTREAM PANEL UPSTREAM PANEL 

(I 156OC) 21 1 0-303 OF 

TEMPERATURES SHOW 

MAXIMUM EXCURSION 
IN ALL TESTS. 

(1033OC) 1890-161 O F  I m- AVERAGE VALUES AND 

SEAL STRIP/+ 0.06'(0.15 CM) 

FIGURE 2-6 SEAL STRIP GAP HEATING TEST 
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FRONT VIEW 

REAR VIEW 

FIGURE 2-7 GAP HEATING TEST MODEL 
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I 

mounted i n  a progress ive  wave acoustic facility with the test spec t rum r e -  

present ing launch acoustic levels  a t  maximum dynamic p r e s s u r e .  Overal l  I 

sound p r e s s u r e  level  of 163 db was applied f o r  50 minutes,  represent ing  

100 miss ions .  
I 

The first t e s t  resul ted in enlargement  of the chamfered holes 

in the 0. 3 in. (0. 76 cm)  thick lug region on the f r e e  s ide  of the leading edge 

panel, and minor  chipping (not exposing ba re  R P P )  around the holes on the 

fixed side. No other  damage to the panel was evident. 

A second t e s t  was conducted with beefed up lug holes and two 

design approaches.  

in. (1. 27 c m )  on top lug and 0. 4 in. (1. 02 c m )  on bottom) m a t e r i a l  and 0. 75 

in. (1. 90 c m )  d iameter  holes. On the floating side,  sp l i t  bushings w e r e  in -  

s ta l led to 0. 69 in (1. 75 c m )  d iameter  holes in the thickened ma te r i a l  so that 

intimate contact with the R P P  was assured .  None of the holes,  bushed o r  

non-bushed, showed evidence of coating fai lure  a f t e r  the second 50 minute 

test. 

remained sound. The component is pictured in F igu re  2-8. Destruct ive 

evaluation of this t e s t  a r t i c l e  revealed no apparent  s t rength degradation f r o m  

the acoustic environment. 

The fixed s ide  of the panel  employed only thicker  (0. 5 

With a total  of 100  minutes of testing, all o ther  a r e a s  of the panel  a l so  
I 

Vibration testing of a segment  of the canted heatshield was ac -  

complished to demonstrate  that a rigid, bonded insulation s y s t e m  could sus ta in  

dynamic environments imposed by the Shuttle s t ruc ture .  

conducted. 

the in i t ia l  design requi rement  of 32 g - r m s  on the component. 

determined by NASA-JSC to  be excessively conservative and a reduced leve l  

was ultimately employed in a r e t e s t  with a modified component. 

ful component, pictured i n  F igu re  2-9, sustained 36 minutes a t  1.0 g /Hz and 

18.5 g - r m s  and 36 minutes at 2. 5 g /Hx (27 g - r m s )  without failure.  The 36 

minute per iod  was calculated to be equivalent to 100 missions at the na tura l  

frequency of the t e s t  component compared to that  of the complete heatshield 
3 3 

assembly. This component employed experimental  15 lb / f t  (0.24 g m / c m  ) 

density Dynaquartz insulation and two l aye r s  of 0. 25 in. (0. 64 c m )  thick s t r a i n  

isolator.  I t  indicated that  a n  RSI heatshield assembly  so  configured would a l so  

sustain the imposed dynamic environment. 

I 

Two tes t s  w e r e  

The first tes t ,  which produced fatigue fa i lure  i n  minutes,  imposed 

This was l a t e r  

This s u c c e s s -  
2 

2 

I 
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BEEFED UP LUG FIX 
FOR ACOUSTIC TEST 
TYPICAL AT FOUR JOINTS TEST 

-SPLIT BUSHING 
FOR ACOUSTIC 

FIGURE 2-8 ACOUSTIC/DESTRUCTIVE TEST LEADING EDGE ASSEMBLY 
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IS0 LATOR 

18.5 G-RMS 
1 G2/HZ 
36 MIN. 

27 G-RMS 
2.5 G ~ I H Z  

36 MIN. 

I NOFAILURE I 

FIGURE 2-9 VIBRATION TEST COMPONENT 
15 PCF (0.24 GM/CM3) DYNAQUARTZ 
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2. 3 FABRICATION 

Fabricabili ty of the design was proven by the successful  fabr ica-  

tion of three R P P  segments,  two of which were incorporated i n  the deliverable 

assemblies  pictured in F igures  2-1 and 2-2. Similarly,  the insulation assem- 

blies were  proven fabricable,  although design fo r  employment of looser  

tolerances for  the t i led configuration would markedly ease  detail  p a r t  fabr i -  

cation and assembly. Experience gained on the leading edge assembly indi- 

cates  that  with suitable tooling and relaxed tolerances,  the heatshield concept 

is fabricable fo r  production quantities. 

The R P P  leading edge component var ied  in thickness f r o m  34 

plies (0. 48 in. (1. 22 c m )  in the stagnation region to 16 plies a t  the upper 

t ra i l ing edge and 20 plies at the lower trail ing edge. 

a t  1 2  plies l ike the Phase  I1 leading edges. 

ing was required a f te r  laying up of every  three  to four pl ies  and special  de-  

bulking tools were  required to obtain good compaction of sk in / r ib  and r i b /  

spar co rne r  regions. 

Rib flanges remained 

To fabricate  this design, debulk- 

P rocess ing  of thick laminate  components was adjusted f rom the 

The previous thin laminate  approach to eliminate delamination tendencies. 

mos t  significant factor  of improvement was the introduction of extended 

post cu re  profiles to p e r m i t  s lower generation of decomposition gases ,  

delaminations in these thicker regions were  experienced o n  any of the 

leading edges. 

No 

Coating of the leading edges required some adjustments f r o m  the 

Phase’II  technique because of the thicker  skin panel. 

exhibited an undesirable panel coating thickness variation (roughly 2 to 1, 

being thicker on the outer  su r f ace )  outside to inside, which was co r rec t ed  

with the introduction of graphite heat  conductors to obtain m o r e  uniform 

tempera tures  on the par t .  

ranged f rom 0. 020 in. to 0.033 in. (0. 051 to 0. 085 cm)  on the front s ide  and 

f r o m  0. 015 i n  to 0.033 in. (0. 038 to 0. 084 cm)  on the aft  side.  

a l  adjustment, coating thickness on the third p a r t  was m o r e  uniform, varying 

between 0.020 in. and 0.030 in. (0. 051 to 0.076 cm).  

The first unit coated 

On the second pa r t  coating thickness variation 

With addition- 
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2.4  COATING THICKNESS MEASUREMENT 

Because the coating e rodes  during the course of 100 missions,  

it i s  des i rab le  to a s s e s s  coating thickness remaining by NDE techniques 

ra ther  than by destruct ive evaluation of selected R P P  segments .  Three  

NDE approaches were examined: 

ultrasonic-pulse-echo. VSD (eddy cur ren t  a n d  u l t rasonic) ,  Los Alamos 

Scientific Labs (beta backsca t te r ) ,  and Oak Ridge National Labs (eddy 

eddy cur ren t ,  beta backsca t te r ,  and 

cur ren t )  participated in the study. 

proved unacceptable for achieving measurement  accuracy  for  the ma te r i a l  

and thickne s se  s involved ih the study . 

Beta backsca t t e r  and ul t rasonic  approaches 

Eddy cu r ren t  techniques i n  the 1 . 5  MHz range produced accurac ies  

of - to .  005 in. (0.013 cm)  for  a 9570 probability of non-exceedence, while 5 

MHz frequency equipment improved accuracy to to. 004 in. (0.010 cm). 

view of the design c r i t e r i a  employed, which requi res  a theoret ical  0. 010 in. 

(0 .  025 c m )  thick coating remaining a t  the life limit of the sys tem,  the measu re -  

ment  accuracy obtained by eddy cu r ren t  techniques is acceptable. 

frequencies to 15 MHz should improve accuracy  fur ther .  

In - 

Higher I 

An important feature  of the Eddy current  equipment i s  that i t  

is lightweight and portable,  which makes  i t  equally convenient for shop o r  

flight l ine u s  e. 

2 . 5  COATING CRAZING 

Crazing of the coating, produced on RPP, h a s  been inherent  

with the substrate/coat ing process  employed. 

property,  and plasma data in  the Phase  I1 program were obtained with 

c razed  mater ia l ,  and a l l  data,  including 100 miss ion  thermal/oxidat ion 

cycling data, showed the m a t e r i a l  sys t em to be acceptable for  the 100- 

miss ion  sys t em l i fe  it was nevertheless  des i red  to decrease  crazing.  

main reason  for this was to inc rease  res i s tance  to subsurface oxidation, 

although the ability to obtain m o r e  definitive inspection acceptance c r i t e r i a  

would be a by-product. 

While all s t rength,  physical 

The 
I 

I 
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In comparative tes t s  with standard processed ma te r i a l s ,  i t  was 

found that crazing could be reduced by the introduction of s tep  heating to 

minimize thermal  gradients ,  through additions of 0. 5 - 1.07’0 s i l ica  to the 

coating pack, and more  dramatical ly ,  by doping (0.57’00) the pack with boron. 

Heating cycle variations and boron additions a r e  worth further optimization 

and evaluation, because of their  potential improvement to the sys tem.  Step 

heating was incorporated into the processing of deliverable hardware in this 

phase and becomes the new standard.  

crazing investigation by the University of Washington under a subcontractor 

effort .  

2 . 6  

VSD was supported in the coating 

DESTRUCTIVE EVALUATION PHASE I1 AND I11 LEADING EDGES 

One leading edge f r o m  Phase  I1 and one f rom Phase  I11 were 

sectioned to examine strength and ma te r i a l  appearance under magnification. 

These leading edges had undergone pr ior  testing before sectioning. 

example, the Phase  I1 leading edge had been subjected to both boost p re s su re  

For  

loading and en t ry  heating, while the Phase  I11 unit had been tes ted for  100 

minutes in an acoustic environment of 163 db OA. 

duced s t rengths  equivalent to  data obtained f r o m  f la t  panel testing. 

Phase  I11 leading edges general ly  exhibited equal o r  higher s t rengths  than 

measured  in f la t  panels. The significance is that ma te r i a l  p roper t ies  of 

components is  a t  l e a s t  equal to those values obtained f r o m  flat panel e le -  

ment  testing . 

The Phase  I1 panel p r o -  

The 

2 . 7  MATERIAL PROPERTIES 

Previous programs (References 1 through 3) determined 

ma te r i a l  sys t em performance on relat ively thin, 13 ply ma te r i a l .  

of the Phase  I11 effort ,  mechanical proper ty  data was gathered on coated 

R P P  up to 34 plies (0.44 i n . )  (1. 1 2  c m )  in thickness.  

As par t  

Using 13 ply ma te r i a l  s t rength a s  a basis  for comparison, it 

w a s  found that for the thicker laminates  f lexure,  tension, shea r  and i n t e r -  

laminar  propert ies  were roughly comparable  with the thinner material, 

but compression s t rength was lower for  the thicker laminates .  
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Pre l imina ry  design proper t ies  for  coated R P P  derived f r o m  

These both Phases  I1 and I11 t es t  r e su l t s  are summar ized  in  Table  2 -1 .  

a r e  shown to  provide an indication of R P P  per formance ,  which of course 

is var iable  with tempera ture ,  thickness ,  and loading direction. 

s t rength values a r e  nominally 67% of average  tes t  data to account for 

anticipated data sca t t e r .  

t ical  analysis  of Phase  I1 flexure data to  determine minimum ("A" values)  

s t rengths  for design. 

Design 

This reduction factor  was derived f r o m  a s t a t i s -  

All  othkr values shown a r e  average  t e s t  values .  
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3 . 0  CONCLUSIONS 

As a r e su l t  of the Phase  111 technology development p rogram,  

the following conclusions were  considered to be of major  significance. 

Experiments  show that thick laminate  components a r e  

feasible for fa i l -safe  designs and, although sensit ive to  

processing,  a r e  insensit ive to  s tar t ing r e s i n  var ia t ions.  

Thick laminates  do requi re  t ighter .p rocess  control than 

thinner ones . 
Blockage of heat f r o m  the hot R P P  (2500-3000°F) 

(1371-1649OC) to the cool aluminum (350'F) (177OC) is 

feasible  through proper  design of insulation and support  

b racke ts .  

Gap heating a t  s ea l  s t r ip s  is a resu l t  of suppressed  

c r o s s  radiation and sur face  roughness,  producing sur face  

tempera tures  that are manageable.  

heating i s  minimal ,  and poses no design/operational p ro -  

b lems.  

R P P  components general ly  exhibit material proper t ies  

equal to o r  bet ter  than s imple  flat panels as determined 

by destruct ive evaluation. 

Because of consistency of shrinkage and expansion during 

processing,  components can be  fabricated within a - to. 03 

in. ( t O . 0 7 6  - cm)  tolerance.  

Coating crazing,  which i s  a no rma l  consequence of VSD 

mate r i a l s  /p rocess ing ,  can be reduced by minor  p rocess  

changes and can be vir tual ly  eliminated by boron doping 

of the coating powders.  

Uniformity of coating thickness can be achieved by 

controlling heat  distribution to the pa r t  in  the coating 

pack. 

Internal (cavity) 
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( 8 )  X - r a y  radiography and ultrasonic -pulse-echo provide 

effective NDE tools for in-proces s determinations and the 

internal  quality of R P P  components. 

a r e  applicable a t  various s tages  of processing from 

initial cure  through coating. 

Coating thickness can be measured  by NDE techniques 

to an  acceptable tolerance level  (to. - 004 in. ) (to. - 010 c m )  

through the  use  of eddy cur ren t  equipment, which i s  light- 

weight and portable for  shop and flight line use .  

R P P  and associated insulation components can be designed 

to meet  the seve re  acoustic noise and vibration dynamic 

load environments experienced by the Shuttle. 

These techniques 

( 9 )  

(10) 
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4 . 0  RECOMMENDATIONS 

The Phase  I11 p rogram resul ted in  identification of additional 

studies to advance the R P P  technology for either improved per formance ,  

reduced cost ,  better inspection o r  increased  understanding of the material 

sys tem/des ign .  The following studies a r e  recommended to fur ther  R P P  

technology. 

(1) 

( 3 )  

(4) 

(5 )  

Investigate the use  of higher frequency (5-15 MHz) 

eddy cu r ren t  equipment to  improve  coating thickness  

measurement  accu racy  below the cur ren t  - to. 004 - 
0.005 in .  (to. - 010 - 0.013 c m )  capability. 

P u r s u e  coating modification with boron doping to reduce 

coating crazing fur ther ,  thereby enhancing subsur face  

oxidation res i s tance .  

Examine reduced r e s i n  content R P P  material fur ther  

a s  a means  of improving fabricabi l i ty  and gaining bet ter  

tolerance control.  This  would enhance debulking during 

layup, and would reduce r e s i n  char  and assoc ia ted  

s h r  ink/gr  owth. 

P e r f o r m  m o r e  extensive mechanical  proper ty  t e s t s ,  

optimizing specimen configuration and t e s t  technique to 

reduce data scatter. This effort should include round 

robin testing involving s e v e r a l  t e s t  agencies .  

adjunct to  th i s ,  R P P  process ing  controls should be 

examined fu r the r  to ensure  sa t i s fac tory  reproducibil i ty.  

Conduct additional gap heating t e s t s  with m o r e  exten- 

s ive thermoc'ouple instrumentation and possibly with 

in f r a red  photography to  gain be t te r  t he rma l  mapping in 

the s e a l  s t r i p  region. 

R P P  f o r  m o r e  exact t empera tu re  distribution, and higher  

p r e s s u r e s  t o  a s s e s s  lower alt i tude per formance .  

Develop methods of assur ing  t ight control of to le rance  

during manufacturing. 

As  an  

These  t e s t s  should include coated 
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